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ABSTRACT 
The growth and characterization f A1GaInP double-heterostructure orange l ight-emitting diodes (LEDs) grown on 
n- and p-GaAs misoriented substrates by low-pressure metallorganic vapor-phase epitaxy are presented. Zinc and silicon 
are used as p- and n-type dopants for A1GaInP, respectively. The device performance is found to be strongly dependent on 
the doping concentration i both upper and lower cladding layers for the p-substrate LEDs. However, for the n-substrate 
LEDs, the strong dependence is only found on the doping concentration i the upper cladding layer. The degradation of 
device performance with increasing doping concentration i the cladding layer is thought o be due to the light absorption 
by deep levels. After optimizing the doping concentration i the LEDs, better LED performance can be obtained by using 
the p-type substrate. This demonstrates the feasibil ity of fabricating A1GaInP LEDs grown on p-GaAs substrates. 
Introduction 
High brightness visible l ight-emitting diodes (LEDs) are 
very attractive in outdoor applications such as automobile 
tail lights, moving message panels, and other applications 
requiring high flux outputs. Although bright red A1GaAs 
LEDs have been available for several years, the low bright- 
ness of commercial GaAsl_yPy and GaP LEDs of other col- 
ors limits the outdoor display in a broad color application. 
Quaternary A1GaInP alloy compounds have been exten- 
sively investigated for possible applications in optical 
devices operating in the visible spectral region. The intro- 
duction of AlGaInP LEDs, latt ice-matched to GaAs, has 
spaced the color range from red-orange to green because of 
the high brightness in these LEDs. 1-4 It has been successful 
in the fabrication of A1GaInP LEDs for exhibiting an ex- 
ternal quantum efficiency of 6%, 1 1.5% at 620 nm, 3 and 
0.7% at 573 nm. 4 In these works, A1GaInP LEDs were usu- 
ally prepared on the n-GaAs substrates. However, there are 
no reports on the A1GaInP LEDs grown on p-GaAs sub- 
strates. Furthermore, very efficient red A1GaAs LEDs 
grown on p-GaAs substrates have been reported by Varon 
et al. ~ Interest is thus exhibited in the fabrication of 
A1GaInP LEDs by using p-type GaAs as a substrate. 
In this paper, for the first time, we investigate the doping 
effects in the upper and lower cladding layers for both n- 
and p-substrate A1GaInP LEDs. The LEDs were grown on 
2, 10, and 15~ n-type substrates as well as 2 and 15~ 
p-type substrates by low-pressure metallorganic vapor- 
phase epitaxy (LP MOVPE). After optimizing the doping 
concentrations in both cladding layers, the device perfor- 
mance of the n- and p-substrate LEDs are compared in 
detail. 
Experimental 
The epilayers were grown in a LP MOVPE reactor with 
gas-flow rotating susceptor heated by infrared lamps. The 
trimethylalkyls of aluminum, gallium, and indium were 
used as the group III sources. Pure arsine and phosphine 
were the group V reactants. The p- and n-type doping 
sources were dimethylzinc (DMZn) and disilane (SigH6), re- 
spectively. The misoriented substrates were ti lted off (100) 
plane toward [011] direction by angles of 2, 10, and 15 ~ The 
LED structure, as shown in Fig. 1, consists of a 0.5 ~m 
GaAs buffer layer, a 0.5 ~m (A10.~Ga03)0.sIn05P lower clad- 
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Fig. 1. Schematic structure of AIGalnP DH LEDs. 
ding layer, a 0.75 ~m undoped (A10.1Ga09)0.hIn0.~P active 
layer, "a 0.5 ~m (A107Ga0.3)0.hIn0.~P upper cladding layer, and 
a 0.5 ~m GaAs contact layer. The DH layers were grown at 
a growth temperature of 760~ and a V/III ratio of 200. The 
degree of lattice mismatch between the epilayer and the 
substrate, determined by double-crystal x-ray diffraction, 
is generally less than 0.1%. The photoluminescence (PL) 
was excited by using the Ar + laser 488 nm line, and the PL 
signal was detected with a silicon p-i-n detector. 
The p and n ohmic contacts of the LEDs were Au/AuZn 
and Au/Ni/AuGe, respectively. The wafer was annealed at 
500~ for 5 rain in the N2 ambient. The top ohmic contact 
and GaAs cap layer outside the upper A1GaInP cladding 
layer were again chemically etched away in sequence using 
a 10 g KI:I g I2:100 cm 3 H20 and a 5H2SO~:lH202:lH20 
solution, respectively, through defined pattern by pho- 
tolithography toallow light emission through the top of the 
die. The wafer was then sawn into individual chips of 300 x 
300 ~m. The chip was attached and bonded to a TO-5 pack- 
age. Electrolumineseence (EL) was used to characterize the 
emission spectra of LEDs. Light output measurements 
were made by using an integrating sphere and detector 
with calibrations traceable to the National Institute of 
Standards and Technology. 
Results and Discussion 
The luminous  efficiency of LEDs  relates strongly to the 
doping characteristics and  other parameters such as injec- 
tion efficiency, doping levels and  activation of dopants, 
junction placement, degree of diffusion of dopants, spread- 
ing of injection currents, interracial recombination, and  
light absorption by  defects or deep levels. In this study, a 
simple double heterostrueture is g rown on both n- and  p- 
type misoriented substrates under  the same growth  condi- 
tions wi th  the only difference in the growth  sequence. For  
the n-substrate LEDs ,  the undoped (Al0.1Ga0.9)0.hIn0.~P ac- 
tive layer is sandwiched by  the p-type (Al0.TGa0.3)05In0.~P 
upper  cladding layer and  the n-type (Al0.TGa0.3)0.hln0.~P 
lower cladding layer. The  same undoped active layer in the 
p-substrate LEDs  is sandwiched by  the n-type upper  clad- 
ding layer and  the p-type lower cladding layer. 
Figures 2a and  b show the luminous  intensity as a func- 
tion of the [DMZn]  in the upper  cladding layer for the n- 
substrate LEDs  and  in the lower cladding layer for the 
p-substrate A IGa InP  LEDs ,  respectively. The  luminous  in- 
tensity is first increased and  then decreased as [DMZn]  
increases. For  both n- and  p-substrate LEDs  with the same 
15~ misoriented angle, the max imum luminous  inten- 
sity is achieved with the [DMZn]  in the range of 1.33 • I0 -5 
to 7 X 10 -6 and 1.33 x 10 ~ to 2.66 x 10 -5, respectively. In
the lower range of [DMZn], the low luminous intensity is 
due to the insufficiency of carrier injection. The hole con- 
centration and the electrical activity of Zn is increased 
with increasing substrate tilt angle due to the increased 
[011] step density on the substraie surface, together with an 
increase in the tilt angle toward the [011] direction. 6-9 This 
behavior leads to a strong dependence of luminous inten- 
sity on the misoriented angle of substraies. The fact that 
the maximum luminous intensity of the LEDs with a 
smaller misoriented angle is lower than that of the LEDs 
with a larger misoriented angle is attributed to the lower 
electrical activity of Zn  in the A iGa lnP  LEDs  with a lower 
misoriented angle. In the higher [DMZn]  range, a further 
increase of the [DMZn]  will result in a decrease in the lumi- 
nous intensity. For  a surface emission structure, this fast 
decrease of luminous  intensity can be ascribed to the in- 
crease of light absorption by  the upper  cladding layer. 
Nozak i  and  Ohba I~ found that the Zn-doped A iGa lnP  lay- 
ers exhibit a deep level originating f rom the Zn-related 
defects, and  the deep-level concentration is proportional to 
the Zn  concentration. The  deep levels, wh ich  will increase 
wi th  [DMZn] ,  in the upper  cladding layer cause a light 
absorption f rom the active layer, and  thus degrades the 
luminous  intensity. On  the other hand, the stronger de- 
pendence  of the luminous  intensity on the [DMZn]  is ob- 
tained f rom the n-substrate LEDs .  The  less dependence  of 
the luminous  intensity on the misoriented angle of the p- 
substrate LEDs  as compared  to that of the n-substrate 
LEDs  shows  another evidence for the explanation of light 
absorption by  the Zn-related deep levels. On  the other 
hand, as the [DMZn]  is high, the decrease of luminous  in- 
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Fig. 2. The dependence of the luminous intensity as a function of 
the [DMZn] (a) in the upper cladding layer for the n-substrate LEDs, 
and (b) in the lower cladding layer for the p-substrate AIGalnP LEDs. 
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Fig. 3. The dependence of luminous intensity as o function of the 
[$i2H6] (a) in the lower clodding layer for the n-substrate LEDs, and 
(b) in the upper cladding layer for ,the p-substrafe LEDs. 
tensity for the p-substrate LEDs  as the increase of the 
[DIViZn] is main ly  caused by  the increase of the interracial 
recombination. For  the 2~ p-substrate LEDs ,  the slower 
decrease of the luminous  intensity as the increase of the 
[DMZn]  than that of 15~ p-substrate LEDs  is due to the 
less incorporation of Zn. The  max imum luminous  intensity 
of the 2~ p-substrate LEDs  is lower than that of 15~ 
p-substrate LEDs .  This is because the electrical activity of 
Zn  in the 2~ p-type A IGa InP  is lower than that in the 
15~ AIGalnP.  
Similarly, the effects of St -doped characteristics on LED 
per formance are investigated by  the different misoriented 
substrates. Figures 3a and  b show the luminous  intensity as 
a function of the [Si2Hs] in the lower cladding layer for the 
n-substrate LEDs  and  in the upper  cladding layer for the 
p-substrate LEDs ,  respectively. The  [DMZn]  in the clad- 
ding layers for both n- and  p-substrate LEDs  was  kept 
constant at 1.3 • 10 -8, wh ich  is the opt imum doping level 
for 15~ LEDs .  For  the n-substrate LEDs ,  the luminous  
intensity is less dependent  on the [Si2Hs] in the range stud- 
ied, except for the insufficiency of carrier injection in the 
low [Si2Hs]. The  decrease of the luminous  intensity as the 
increase of the mole  fraction of dopant  in the lower clad- 
ding layer, wh ich  was  observed f rom the p-substrate LEDs ,  
was  not obtained f rom the n-substrate LEDs  in this doping 
range. This is because the low [Si2Hs] was  used in this study 
due to the higher doping efficiency of Si in A IGa lnP  than 
that of Zn. As  the [Si2H6] increases, there is a similar ten- 
dency of the luminous  intensity for both i0 ~ and  15~ 
n-substrate LEDs  because the incorporation and  the elec- 
trical activity of Si are less dependent  on the misoriented 
angle. TM As  shown in Fig. 3b, the luminous  intensity de- 
creases with increasing [Si2H6] for the p-substrate LEDs .  
This is due to the optical absorption by deep levels intro- 
duced at higher doping levels in the A1GaInP layer, as re- 
ported by Suzuki et  al. 11 and Nojima et  al.  1~ For the p-sub- 
strafe LEDs, the luminous intensity is strongly dependent 
on the mole fraction of dopant in the upper cladding layer, 
as observed from the p-substrate LEDs. However, the less 
misorientation dependence of St-doped efficiency in 
A1GaInP makes the luminous intensity of the p-substrate 
LEDs less dependent on the misoriented angle than that of 
the n-substrate LEDs. 
As observed in Fig. 3, the luminous intensity is strongly 
dependent  on the misorientation angle of the GaAs  sub- 
strate. Wi th  increasing tilt angle, the step density on the 
substrate surface increases or the step interval decreases. 
When the substrate is tilted toward  the [01 i] direction, the 
step-edge surface consists of dangling bonds  f rom the 
group III atoms. Under  the group V stabilized condition, 
the adsorption of a group V a tom on a single dangling bond 
will take place with a higher probability. 13 Together with 
two dangling bonds  f rom the terrace and  one dangl ing 
bond f rom the step edge, a stable adsorption site for the 
group III a tom is fo rmed when the substrate is tilted to- 
ward  the [01 i] direction. Thus, an enhancement  in the step 
and two-dimensional  g rowth  and  a stronger luminous  in- 
tensity with increasing tilt angle will result. 14 
Figure 4 shows  the 300 K EL  spectra at 20 mA for n- and  
p-substrate LEDs  with .different misoriented angles. The  
longer peak  wave length  f rom the LEDs  with smaller tilted 
angle is main ly  caused by the Cu-Pt- type ordering struc- 
ture. I~'16 The  peak  wave length  is effectively shortened f rom 
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Fill. 4. 300 K EL spectra measured from (a), 2, 10, and 15~ 
n-subsh-ate LEDs, and(b) 2 and 15~ p-subslmte LEDs. 
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maximum operating at different injection currents obtained from 
15~ n- and p-substrate LEDs. 
626 nm for the 2~ LEDs to 617 nm for the 15~ LEDs. 
The spectra shapes obtained from n- and p-substrate LEDs 
are almost the same. 
The peak wavelength and full width at half maximum 
(FWHM) of EL spectra obtained by operating the LEDs 
under different injection currents are shown in Fig. 5. The 
degradation of device performance for the n-substrate 
LEDs, including the increase in peak wavelength and 
FWHM of the EL spectra due to joule heating, is more sig- 
nificant han that for the p-substrate LEDs. It is attr ibuted 
to the higher series resistance of p-type upper cladding 
layer in the n-substrate LEDs than that of n-type upper 
cladding in the p-substrate LEDs. 
Figure 6 shows the light output power vs. the dc current 
from the n- and p- substrate LEDs. The output power in- 
creases with increasing the injection current, saturates at 
around 80 mA, and decays at high currents. Joule heating 
and carrier leakage f rom the active region are possible 
causes for this output power  saturation. Iv'18 The  light out- 
put  powers  of 200 and  240 ~W at 20 mA correspond to the 
m 
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Fig. 6. The output power of bare chips operating at different injec- 
tion currents obtained from 15~ n- and p-substrate LEDs. 
external quantum efficiency of 0.5 and 0.6% for the n- and 
p-substrate LEDs, respectively. The higher output power 
obtained from the p-substrate LEDs than that from the 
n-substrate LEDs may be attr ibuted to the less dopant-re- 
lated deep levels, the better current spreading, or the 
higher mobility in the n-type upper cladding layers of the 
p-substrate LEDs. 
As observed in Fig. 2a and 3b, the luminous intensity is 
sensitive to the doping level in the upper cladding layer, 
particularly when it has a conductivity type opposite to 
that of the substrate. The lower cladding layer has a uni- 
form current injection through the GaAs substrate, 
whereas the current spreading from the patterned top 
ohmic contacts and the 0.05 ~m GaAs top contact layer 
plays an important role for the upper cladding layer. It 
is expected that by the introduction of a thick, high 
bandgap and low resistance window layer on the upper 
cladding layer will maximize light extraction and mini- 
mize current crowding from the LEDs. GaP ~ and A1GaAs 
with high A1 compositions 3'4are usually used as the window 
layer or current spreading layer. We report hat the external 
quantum efficiency of the A1GaInP DH LEDs can be im- 
proved to 3.5% by growing a 7.5 ~m MOVPE-grown GaP 
window layer. 
Conclusions 
We demonstrate the feasibility in the growth and fabri- 
cation of DH AIGaInP LEDs on p-GaAs substrates grown 
by LP MOVPE. The differences in the device performance 
between the n- and p-substrate LEDs with different mis- 
oriented substrates are compared in detail. In this study, 
the device performance is found to be strongly dependent 
on the doping concentration i the upper and lower clad- 
ding layer for the p-substrate LEDs. However, for the n- 
substrate LEDs, the strong dependence is only found on the 
doping concentration i the upper cladding layer. Further- 
more, the difference of maximum light output between 2~ 
and 15~ p-substrate LEDs is less than that of n-sub- 
strate LEDs. This suggests that it may be not necessary to 
use misoriented substrates if p-GaAs wafer is util ized as 
the substrate of A1GaInP LEDs. 
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The Effects of HF Cleaning Prior to Silicon Wafer Bonding 
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ABSTRACT 
The effects of preparation of silicon surfaces in hydrofluoric acid (HF) solutions, prior to direct wafer bonding, is 
investigated. Surface analysis with atomic force microscopy, electron spectroscopy for chemical analysis, and estimation 
of the surface particle density is made. This is related to results from room temperature bonding experiments. A diluted 
(1-10%) HF solution is most favorable for hydrophobic silicon wafer bonding. The subsequent water rinse should be 
omitted, or performed in a careful way, to avoid particle contamination. HF:NH4F solutions generally are not favorable for 
bonding. The initial room temperature bonding is attributed to the relatively weak van der Waals forces, which makes the 
bonding sensitive to the surface roughness and particle density. The surface chemistry appears to have a second order 
influence in hydrophobic bonding. 
Introduction 
Since the first report on silicon wafer  bond ing  by Lasky  
and  co-workers in 1985 z most  bond ing  work  publ ished has 
dealt with hydrophilic surfaces, i.e., the wafers are covered 
by a thin chemically g rown oxide. It has been reported that 
hydrophilie surfaces are necessary for initial spontaneous 
bond ing  to occur, and  that hydrophobic  surfaces can be 
bonded only with the aid of an applied pressure. 2 In con- 
trast, we  have  shown that spontaneous bond ing  also occurs 
for hydrophobic  oxide-free surfaces? '4 Bond ing  of silicon 
wafers without any  interracial oxide is important, e.g., for 
high power  devices and  as an alternative to epitaxial lay- 
ers. Hydrophi l ic bond ing  a lways gives an interfacial oxide, 
resulting in an unacceptably high density of electron states 
at the interface. 5 
Since there are different opinions regarding the possibil- 
ity of achieving spontaneous hydrophobic  bonding, a closer 
investigation of how different cleaning processes affect the 
surfaces is essential. The  initial room temperature bond ing  
of hydrophobie  surfaces has been attributed to van  der 
Waals  forces? '6 However ,  there are other authors arguing 
that the hydrophobic  surface attraction is due to hydrogen 
bonds  between fluorine or hydroxyl  (OH) groups, coupled 
to the surface dangl ing bonds, m This should be compared  
to the initial bond ing  between hydrophilic surfaces, wh ich  
has been attributed to hydrogen bonds  between OH groups 
on the surfaces, z'9 
Van  der Waa ls  interactions result f rom the charge distri- 
bution variations, causing temporary  dipole moment  in the 
molecules, z~ The  forces are weak  (5-20 kJ/mol) and  the at- 
traction energy decreases with the sixth power  of the dis- 
tance, n In case van  der Waa ls  forces are causing the attrac- 
tion, the bond ing  process is very sensitive to the surface 
morphology.  A somewhat  stronger interaction is caused by  
so-called hydrogen bonds. These are fo rmed when a hydro-  
gen a tom attracts two  highly electronegative atoms, partic- 
ularly N, O, and  F, and  the energies in this case reach values 
of 20-30 kJ/mol. If such bondings can be achieved between 
two mat ing  surfaces, the initial, room temperature, bond-  
ing is stronger. 
It has been observed that a water  rinse after the HF  etch 
has a negative effect on the room temperature bondability, 4 
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but the cause is still unclear. Different contact wave veloc- 
ities for different concentrations of the HF etchant also 
were observed. The contact wave is observed as the move- 
ment of the border of the bonded area. It is observed by use 
of infrared light to which the silicon wafer is transparent. 
In this work we further investigate the effects on surface 
morphology, chemistry, and bondability after various pre- 
treatments. We have cleaned silicon wafers in various HF 
solutions and characterized the cleaned surfaces with re- 
gard to surface roughness, chemical nature, and particle 
density. The roughness was measured with an atomic force 
microscope (AFM) and the chemical nature was measured 
using electron spectroscopy for chemical analysis (ESCA). 
The particle density was estimated using dark field mi- 
croscopy. The results are then compared to results from 
bonding experiments. 
Experimental 
Room temperature bonding.--The silicon wafers used 
were 3 in. [100]- and [1il l-oriented wafers, with a thick- 
ness of 380 -+ 5 ~m (Wacker, FZ, 10-12 ~ cm, n- and p- 
doped). All experiments were performed in a clean room 
environment. The wafers were etched for 1 to 10 min in 
aqueous HF solutions (aqHF), with concentrations be- 
tween 1 and 50%, or buffered HF solutions (BHF), i.e., 
HF(50%):NH4F(40%) 1:7 or 1:20. All wafers were blown 
dry in N2 after etching. When the wafers are contacted, the 
contact area spreads like a wave over the whole wafer. This 
wave was observed in transmitted infrared (IR) light, using 
an IR camera nd a video setup. Normally, a slight pressure 
with the tweezers at the wafer edge was required to initiate 
the wave. If the contact area then grows without further 
help, the bonding is referred to as spontaneous. 
AFM.--An atomic force microscope was used to charac- 
terize the silicon surfaces regarding topography and rough- 
ness. The AFM (Park Scientific Instruments Model SFM- 
BD2-210) operates at room temperature, under a flow of 
dry nitrogen gas. The instrument was used in the contact- 
ing mode, wherein the sample acts to deflect he Si3N4 tip 
and cantilever by a repulsive force. The topography of the 
sample is represented bythe piezo driving voltage required 
to keep this deflection constant. The image processing be- 
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